Background: Diagnosis of hepatocellular carcinoma can be achieved by imaging in cirrhotic patients. Combined hepatocellular-cholangiocarcinoma is a primary liver tumor and its imaging patterns have been poorly investigated. Misdiagnosis for either hepatocellular carcinoma or benign lesions can occur. We aimed to evaluate the enhancement pattern of combined hepatocellular-cholangiocarcinoma in cirrhosis with imaging techniques and to estimate the risk of misdiagnosis for hepatocellular carcinoma. Methods: All histology-confirmed combined hepatocellular-cholangiocarcinoma in cirrhosis seen in two Italian centers between 2003 and 2016, in which at least one imaging technique had been performed, was retrospectively collected. The enhancement pattern was analyzed for all available imaging modalities. Results: A total of 37 combined hepatocellular-cholangiocarcinoma nodules were identified. Contrast-enhanced ultrasound, computed tomography, and magnetic resonance imaging had been performed in 27, 34, and 17 nodules, respectively. Contrast-enhanced ultrasound was at higher risk of misdiagnosis for pure hepatocellular carcinoma than computed tomography (p ¼ 0.005) or magnetic resonance imaging (p ¼ 0.040). Only six of 24 combined hepatocellular-cholangiocarcinoma lesions submitted to both contrast-enhanced ultrasound and computed tomography showed coincident patterns; contrast-enhanced ultrasound correctly suggested a condition of malignancy in a higher number of cases than computed tomography (p < 0.001) and magnetic resonance imaging (p ¼ 0.002). Conclusions: Contrast-enhanced ultrasound misdiagnosed a higher number of combined hepatocellularcholangiocarcinoma as hepatocellular carcinoma than computed tomography and magnetic resonance imaging. However, the latter techniques were able to identify features of malignancy less often.
Introduction
Combined hepatocellular-cholangiocellular carcinoma (CHC) is a primary liver cancer composed of a combination of cholangiocyte-and hepatocyte-derived malignant cells coexisting in the same tumor. [1] [2] [3] [4] This tumor may arise from a common bipotential hepatic progenitor cell in a continuum between intrahepatic cholangiocarcinoma (ICC), CHC and hepatocellular carcinoma (HCC). [5] [6] [7] [8] [9] Cirrhotic patients undergo semiannual ultrasound surveillance for early detection of de-novo nodules because they are at higher risk of developing primary liver malignancies. Non-invasive diagnostic criteria for HCC have been validated and incorporated in the international guidelines. 5, 10, 11 A precise differentiation between HCC and other less-frequent primary malignant focal lesions is of great importance to properly establish a treatment strategy. In fact, the efficacy of treatments such as transplantation or sorafenib has not been demonstrated in CHC or ICC. 12, 13 Some data showed a risk of misdiagnosis between ICC and HCC in cirrhotic patients when investigated with contrast-enhanced ultrasound (CEUS). [14] [15] [16] Accordingly, CEUS was dropped from the American Association for the Study of Liver Disease guidelines as a diagnostic imaging method. Imaging patterns of ICC and HCC differ one from another. 5, 11, 14, 17 The American College of Radiology (ACR) Liver Imaging Reporting and Data System (LI-RADS) was recently developed to standardize, interpret, report, and collect data for CEUS, computed tomography (CT), and magnetic resonance imaging (MRI) in patients at risk for developing HCC. 18, 19 No specific data exist on the imaging features of CHC in cirrhotic patients and the rate of patients with CHC at risk of misclassification for HCC. Existing studies consist of limited populations, largely composed of patients without chronic viral hepatitis or cirrhosis, for which imaging diagnosis of HCC is not accepted. [20] [21] [22] [23] Therefore, the primary aim of the study was to evaluate the imaging features of CHC in cirrhosis with CEUS, CT, and MRI. The secondary aim was to evaluate the rate of CHC showing typical features for HCC, thus the rate of CHC at risk of misdiagnosis with HCC.
Patients and methods

Study population
We retrospectively searched for all consecutive patients with cirrhosis and histology-confirmed CHC, evaluated in two Italian referral centers between 2003 and 2016. The date of 2003 was set to identify patients investigated with modern contrast imaging techniques including real-time CEUS. The following addition inclusion criteria were used: (a) high risk of developing HCC, according to international guidelines, 5, 11, 24 (b) availability of at least one contrast imaging technique (CEUS, CT or MRI) performed on the nodule subjected to histology, and (c) type B or C CHC according to Allen-Lisa classification. 1 Cirrhosis was diagnosed by histology, when available, or by a combination of clinical, laboratory, and ultrasonographic features.
The name and date of approval granted by the Ethical Board are included in the Ethics section of the manuscript.
Imaging techniques
CEUS examinations were performed using the convex probe at low mechanical index (MI < 0.1). A bolus injection of sulfur hexafluoride (Sonovue, Bracco, Milan, Italy) was utilized as the contrast agent in both centers, at a dosage of 1.5-2.4 mL, depending on the different types of equipment as repeatedly reported by both centers. 25 All CEUS studies were performed at the two study centers.
The lesion enhancement pattern was studied in three temporal phases: arterial (10-30 s after injection), portal (30-120 s), and late phase (>120 s), according to European Federation of Societies for Ultrasound in Medicine and Biology recommendations. 10, 26 Contrast-enhanced CT and MRI scans were performed according to each institution's protocol for focal liver lesions in cirrhotic patients. Given the retrospective nature of the study, some imaging exams were performed outside the study institutions. Such studies were included if image quality was adequate. Enhancement patterns were ascribed to two main vascular phases: arterial and venous/delayed phases, using iodine and/or gadolinium contrast agent. Venous and delayed phases were incorporated in one single category, considering the least enhancement aspect to verify the occurrence of wash-out. All available information was re-evaluated by a radiologist in consensus with clinicians with extensive experience in contrast ultrasonography of the liver.
The tumor contrast vascular patterns were classified as follows:
-Homogeneous hyper-enhancement (global contrast enhancement grossly more than 75% of the whole tumor, Figure 1 ). -Heterogeneous hyper-enhancement (irregular contrast enhancement but estimated grossly more than 25% of the tumor). -Rim-like hyper-enhancement (peripheral hyperenhancement of the lesion with an extension no greater than 25% of the whole tumor surrounding a central area of relative hypo-enhancement, Figure 2 ). -Global iso-enhancement (same enhancement as the surrounding liver parenchyma). -Global hypo-enhancement (less enhancement than the surrounding liver parenchyma).
Wash-out of the contrast media was recorded if the lesion became hypo-enhanced in the portal or late phase following a hyper-enhanced or iso-enhanced appearance during the arterial phase, irrespective of the pattern of hyper-enhancement.
Classical definition of malignant nodules and typical HCC. For the purpose of our study, the reliability of imaging methods was assessed by evaluating: (a) their accuracy in suggesting a malignant nature of the nodule; and (b) the rate of nodules not showing a typical pattern for HCC in cirrhosis, thus correctly prompting further workup to reach a final diagnosis.
A nodule was considered malignant if it showed arterial phase enhancement followed by wash-out in any phase. A nodule was defined as typical HCC if it showed arterial enhancement followed by a late (>60 s) and mild wash-out.
ACR LI-RADS classification. The ACR supports both CEUS LI-RADS 18 and CT/MRI LI-RADS 19 classification systems. Briefly, CEUS LI-RADS estimate the risk of malignancy based on the following factors: presence or absence of arterial phase enhancement, size, presence or absence of wash-out of any type, late and mild wash-out pattern. Based on these characteristics, a nodule can be classified as LR-3 (intermediate malignancy probability), LR-4 (probable HCC), or LR-5 (definite HCC). Notably, a nodule is classified as LR-M (definitely malignant but not HCC-specific) if any of the following characteristics are found: rim-like arterial hyper-enhancement, early wash-out (<60 s), or marked wash-out.
The CT/MRI LI-RADS system is similar. Nodules are classified according to arterial peripheral enhancement, size, wash-out, enhancing capsule, and threshold growth. Again, patients with rim-like arterial enhancement are classified as LR-M. 
Results
Patients characteristics
This study included 35 patients. One nodule per patient was evaluated. In two patients a recurrent CHC nodule arose after a curative treatment. These two additional nodules were also included in the study, for a total of 37 CHC nodules. Overall, 20 patients had a single nodule, whereas 15 patients had multifocal liver disease. Among these 15 patients, seven underwent surgical treatment. Three of them received a histological diagnosis of synchronous separate nodules of HCC and CHC.
Six patients had a recurrent nodule after the first CHC and were re-treated (radiofrequency ablation in four and resection in two patients).
The pathological diagnosis of CHC nodules was obtained by percutaneous US-guided biopsy in 20 cases, and liver resection specimen in 17 cases. Classification according to Allen-Lisa was as follows: 36 type C and one type B CHC. Clinical and laboratory data at the time of diagnosis are reported in Table 1 .
Imaging findings. CEUS, CT, and MRI were performed in 27, 34, and 17 nodules, respectively.
Median nodule size was 25 mm (range 10-100). Nodule size was 2 cm in 15 cases, 2-3 cm in nine cases and >3 cm in 13 cases.
Arterial phase
Homogeneous hyper-enhancement was more frequent in CEUS (55%) compared to CT (23%) or MRI (47%). A rim-like hyper-enhancement pattern was observed more often in CT (50%) than in CEUS (26%) and MRI (29%). Heterogeneous hyper-enhancement was never reported by CEUS, but appeared in 15% and 6% of cases at CT and MRI, respectively ( Table 2) .
Analysis of contrast patterns according to the nodule size showed that 29% (4/14) and 22% (2/9) of CHC nodules 2 cm demonstrated the rim-like enhancement in the arterial phase at CT and MRI, respectively. No case of rim-like enhancement was observed in lesions 2 cm at CEUS. Conversely, 17/20 (85%) of CHC nodules > 2 cm in size showed rim-like or heterogenous hyper-enhancement at the CT scan, whereas 44% (7/16) and 50% (4/8) of CHC > 2 cm showed rim-like or heterogeneous pattern in CEUS and MRI, respectively.
A small number of CHC (4/27, 15%) showed poor enhancement in the CEUS, whereas CT and MRI did not describe any hypovascular tumors.
Venous/delayed phase
During the venous phases hypo-enhancement occurred in 89% (24/27), 24% (8/34), and 30% (5/17) of CHC nodules in CEUS, CT, and MRI, respectively. The rates of iso-enhancement were 11% (3/27), 41% (14/34), and 35% (6/17), respectively.
CT showed global, peripheral, and heterogeneous hyper-enhancement in 3% (1/34), 23% (8/34), and 9% (3/34) of CHC nodules in the venous phases. MRI detected homogeneous and peripheral hyperenhancement in 18% (3/17) and 12% (2/17) of cases whereas CEUS did not demonstrate any hyperenhanced nodules.
Pattern of malignancy
CEUS correctly identified 78% (21/27) of CHC nodules as malignant (Table 3) .
Sensitivity for malignancy increased with nodule size. A malignant pattern was shown in 7/11 (64%) nodules 2 cm, 14/16 (88%) nodules > 2 cm, 12/12 (100%) > 2.5 cm, and in 8/8 (100%) nodules > 3 cm.
CT detected a malignant pattern in a significantly lower percentage of CHC nodules (24%, 7/34) than CEUS (p < 0.001). Sensitivity for malignancy decreased with increasing size. A malignant pattern was observed in 2/20 (10%) and 1/16 (6%) nodules > 2 cm and >2.5 cm, compared with 6/14 (43%) and 7/18 (39%) below these thresholds (p ¼ 0.035 and p ¼ 0.030, respectively). MRI detected wash-out in 5/17 (29%) cases, a significantly lower rate than CEUS (p ¼ 0.002), with no size effect on the reliability of the imaging.
CHC at risk of misdiagnosis with HCC
For pure HCC, CEUS misdiagnosed a relatively higher percentage of CHC (48%, 13/27) compared to CT (15%, 5/34; p ¼ 0.001) or MRI (18%, 3/17; p ¼ 0.057) ( Table 3) . Early or marked wash-out was found in 5/19 (26%) of nodules that were otherwise typical for HCC according to the occurrence of any hyper-enhancement in the arterial phase followed by wash-out.
CT showed a typical HCC pattern in a higher (although not statistically different), number of CHC 2 cm, respectively 4/14 (29%) versus 1/20 (5%, p ¼ ns). MRI showed a pattern typical for HCC in 3/17 CHC nodules, with all of them 2 cm.
LI-RADS classification
Amongst the 27 CHC nodules evaluated with CEUS, five were classified as LR-3 (18.5%), one as LR-4 (3.7%), 14 as LR-5 (51.9%; typical HCC), and seven as LR-M (25.9%, malignant but not typical for HCC). The classification of the 34 CHC nodules evaluated with CT was as follows: LR-3 (three nodules, 8.8%), LR-4 (nine nodules, 26.5%), LR-5 (four nodules, 11.8%), and LR-M (18 nodules, 52.9%). In total, 17 nodular lesions were evaluated with MRI. Amongst them, two nodules were classified as LR-3 (11.8%), six nodules as LR-4 (35.3%), three nodules as LR-5 
No hyper-enhancement (overall) (%) 5 (19) 4 (12) 3 (18) 27 (100) 22 (65) 11 (65) 
Concordance at multimodality imaging assessment (CEUS, CT, MRI)
Only six of 24 CHC lesions submitted to both CEUS and CT showed coincident enhancement patterns (four positive for wash-out and two negative). CEUS suggested a condition of malignancy in a higher number of cases (19/24, 79%) than CT (7/24, 29%), (p ¼ 0.001), whereas CEUS showed a pattern at risk for misdiagnosis for HCC in a higher number of CHC nodules (8/24, 33%) than CT (5/24, 21%), (p ¼ 0.018).
In total, 12 CHC nodules were submitted to all three imaging techniques, of which 7/12 showed an arterial hyper-enhancement pattern, three showed coincident arterial patterns (two homogeneously hyper-enhanced and one iso-enhanced), two showed a different pattern for each method and the remaining three coinciding in two methods. No nodule showed the same pattern at all three imaging techniques in the late phase. Three nodules showed a completely different vascular pattern at the three imaging techniques. In the remaining nine nodules, the coincidence was seen for two of three methods, namely in 3/12 nodules in CT/MRI, 3/12 in CT/CEUS and 3/12 CHC nodules in RM/CEUS.
Discussion
To the best of our knowledge, this is the first study focused on the imaging of CHC nodules in cirrhotic patients. We confirmed that CHC shares imaging features with both HCC and ICC. 10, 22 Rim-like arterial enhancement (deemed atypical for HCC) was found in 26%, 50%, and 29% nodules in CEUS, CT, and MRI, respectively. This pattern has been reported with variable frequency in ICC series, 26 depending on the imaging method, presence of underlying cirrhosis, and size of the lesions. Its reported rates are up to 51% for CEUS and 59-65% for CT/MRI in unselected patients, whereas lower rates have been reported in cirrhosis (8-52% for CEUS) 14, 15, 26 and 50% for CT. 17, 20 Moreover, early or marked wash-out (non-typical for HCC) was found in 11/19 (58%) nodules that showed hyper-enhancement in the arterial phase followed by wash-out, highlighting the need to evaluate the characteristics of wash-out and not just its occurrence.
The enhancement pattern of lesions has also been found to be related to their size, which might also justify the different patterns in cirrhosis in which most CHC nodules could be detected when still small, thanks to the surveillance programs (different from CHC in otherwise healthy livers). Previous studies reported that most small ICCs and HCCs were homogeneously enhanced in the arterial phase, differently from those >3 cm, which are likely to show heterogeneous or peripheral enhancement. 17 Similar patterns were found also in our study. This behavior is most likely related to the development of desmoplastic reaction, occurring more with the size increase, similar to what has been reported for pure ICC. 9, 27, 28 Very few CHC lesions showed coincident enhancement patterns, with the discrepancy most frequently observed in the venous phase. Those behaviors are in agreement with previous studies on ICC, in which enhancement discrepancy between delayed-phase CEUS (hypoechogenicity) and CT (hyper or isodensity) was a common semiological finding. [29] [30] This discrepancy has been related to the different contrast agents' kinetics. SonoVue (CEUS) is a pure intravascular contrast medium that merely reflects the vascularization of the tumor, whereas iodine and gadolinium-based (CT and MRI) contrast media diffuse into the interstitium and are retained for a longer time in tissues with a desmoplastic reaction, 31 with a large amount of fibrous stroma more frequently observed in ICC than in HCC.
These discrepancies made CT and MRI more accurate than CEUS in showing features deemed atypical for HCC in CHC nodules. However, in the case of lesions <2 cm, CT and MRI were also at a significant risk of misdiagnosis of CHC for HCC.
The iso-hyperdense pattern observed at CT or MRI during the delayed phase is a feature that CHC shares with ICC in both cirrhotic 17 and non-cirrhotic livers 32 and limits the risk of misclassification of ICC for HCC in cirrhosis. 14 In contrast, the absence of wash-out at CT or MRI may falsely suggest a non-malignant nature, a notorious pitfall of ICC, especially for less experienced radiologists. In this study, the retrospective re-classification of the nodules according to the LI-RADS systems reduced this risk. In fact, the CT/ MRI LI-RADS system acknowledges this possible pitfall and classifies all the lesions with rim-like arterial enhancement as LR-M, regardless of their pattern in the delayed phase.
Differences in enhancement patterns should not only be regarded as a limitation; they might be advantageous especially when the discrepancy patterns exist in washout detected by CEUS, but are absent at CT or MRI. Such a pattern is almost never observed in HCC. 15, 17, 33 Nonetheless, it suggests malignancy based on the CEUS appearance, thus pointing out cholangiocellular components of malignancy. Such consideration highlights the benefit of using more than one contrast technique in nodules not eligible for biopsy to avoid false-negative findings of malignancy (which are rare in CEUS).
These findings confirm that non-invasive diagnosis of small nodules in cirrhosis can be challenging. Whenever a doubt about a nodule in cirrhosis arises because of the lack of typical diagnostic features or discrepancy among imaging techniques, biopsy remains warranted.
The limitations of this study include its retrospective nature, its limited sample size, and the absence of a control group of HCC or ICC for comparison. However, such limitations are difficult to overcome because CHC is rare, thus a retrospective search of cases and systematic biopsy of all lesions is not possible given the chance of noninvasive diagnosis of HCC at present. Despite these limitations, it is important to highlight that our patient population is the largest that deals with cirrhotic patients. Given the retrospective and multicentric nature of this study, the available imaging records were heterogeneous but it is hard to find many cases deriving from a single center of such a rare tumor, making a prospective study nearly impossible.
In conclusion, CHC shares some imaging features with ICC such as a rim-like arterial enhancement pattern, early or marked wash-out, and the discrepancy between the CEUS and CT/MRI appearance in the late phases. Although the LI-RADS system seems to favor a more accurate classification, a combination of different imaging techniques remains of potential benefit, especially in cases not amenable to biopsy.
